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Abstract
In spite of intensive studies on the chalcogenides as conventional thermoelectrics, it remains a challenge to find a proper material
with high electrical but low thermal conductivities. In this work, we introduced a new class of thermoelectrics, Ge-based inorganic
halide perovskites CsGeX3 (X = I, Br, Cl), which were already known as a promising candidate for photovoltaic applications. By
performing the lattice-dynamics calculations and solving the Boltzmann transport equation, we revealed that these perovskites have
ultralow thermal conductivities below 0.18 W m−1 K−1 while very high carrier mobilities above 860 cm2 V−1 s−1, being much
superior to the conventional thermoelectrics of chalcogenides. These results highlight the way of searching high-performance and
low-cost thermoelectrics based on inorganic halide perovskites.
1. Introduction
Thermoelectrics, which are functional materials that con-
vert a small amount of losing waste heat into electricity,
have attracted a renewed interest in the drive for “green” en-
ergy [1]. Much of the recent work on thermoelectrics has
focused on binary chalcogenides such as selenides (SnSe,
PbSe, CuSe2) [2, 3, 4, 5, 6, 7, 8] and tellurides (GeTe, SnTe,
PbTe) [9, 10, 11, 12, 13]. These have a fairly high figure
of merit for thermoelectric performance, which is defined as
ZT = S 2σT/(κe+κl) with the Seebeck coefficient and electrical
conductivity (S and σ), and the electronic and lattice thermal
conductivities (κe and κl) [14, 15, 16, 17]. In particular, Sb/In-
codoped β-GeTe [18] and S-doped PbTe [19] were shown to
have a ZT over 2 due to their ultralow lattice thermal conductiv-
ity at a high temperature range over 700 K in combination with
favorable electrical properties. However, these chalcogenides
include the constituent Se or Te, which are relatively scarce in
the earth’s crust, causing a high cost of device.
For practical applications of thermoelectrics, their ZT is re-
quired to be above 1 at the given temperature, which can be
achieved by reducing the thermal conductivity while keeping a
high thermopower factor (S 2σ) [5]. However, it is not easy to
find such a material with high electrical but low thermal con-
ductivities. Although low-dimensional materials [20, 21, 22]
and nano-structured composites [23] have shown to possess a
high value of ZT , their production in large-scale can be re-
alized with much higher cost compared to bulk materials. In
this context, searching a new type of bulk thermoelectrics with
a high ZT and low synthesis cost, which should neither con-
tain Se and Te nor be in the form of nano-phase, is a desirable
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route to the development of practical thermoelectrics. Some ox-
ides [24] and phosphides [25] with stereochemically active lone
pair electrons have been lately proposed as such a promising
candidate for high performance thermoelectrics, but the highest
value of their ZT was found to be below 0.7, being lower than
the required value.
Halide perovskites have recently proved to be not only ex-
cellent optoelectronic materials but also very promising ther-
moelectrics. They have ultralow thermal conductivities, which
are thought to be related with the strongly anharmonic lat-
tice dynamics observed in the cubic phase [26, 27, 28, 29].
For instance, the organic-inorganic hybrid iodide perovskite
CH3NH3PbI3 was shown to have a ultralow thermal conduc-
tivity of 0.5 and even 0.05 W m−1 K−1 by experiment [30, 31]
and first-principles simulation [32], respectively. What is more,
the halide perovskites possess a high carrier mobility [33, 34],
which is essential for photovoltaic applications and allows good
electrical conductance. In experiment, the all-inorganic halide
perovskites, such as δ-CsPbI3 and γ-CsSnI3, were confirmed
to have a high electrical conductivity (e.g. 282 S cm−1 in γ-
CsSnI3) and high hole mobility (394 cm2 V−1 s−1) with a very
low lattice thermal conductivity (0.38 W m−1 K−1) [35, 36]. To-
gether with the low synthesis cost, these highlight the potential
application of the halide perovskites to heat-to-electricity con-
version in high performance and practical thermoelectric de-
vices.
Previous theoretical and experimental studies have shown
that the all-inorganic Ge-based halide perovskites are a promis-
ing optoelectronic material for photovoltaic applications [37,
38, 39, 40]. In this work, we have performed first-principles cal-
culations to investigate lattice vibrational and electronic trans-
port properties of the Ge-based halide perovskites CsGeX3 (X
= I, Br, Cl), with a particular focus on revealing the ultralow
lattice thermal conductivity and high carrier mobility which are
key factors for enhancing the thermoelectric figure of merit ZT
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in the thermoelectric materials.
2. Methods
All density functional theory (DFT) calculations were per-
formed by using the projector augmented wave (PAW) [41, 42]
method as implemented in the Vienna ab initio simulation
(VASP) package [43, 44]. The PBEsol [45] functional was
adopted to describe the exchange-correlation interaction be-
tween the valence electrons. We set the kinetic energy cutoff
as 800 eV for the plane-wave basis and the k-point mesh as
8×8×8 for the Brillouin zone integration. With such parame-
ters, we perform the self-consistent calculations to get the total
energies with tight convergence threshold of 10−8 eV and op-
timize the unit cells until forces on the atoms reach below 1
meV/Å, which were proved to be sufficient for the DFT total
energy and phonon energy convergences within 0.01 meV per
unit cell. The valence electronic configurations of the atoms
given in the provided PAW bases are Cs–5s25p66s1, Cl–3s23p5,
Br–4s24p5, I–5s25p5, and Ge–4s24p2. In this work, we did not
repeat the structural optimizations of the unit cells for the inor-
ganic perovskite CsGeX3 (X = I, Br, Cl) in the rhombohedral
phase with R3m space group, but used the previously deter-
mined values in our previous work [46]. Likewise, we utilized
the effective masses of electron and hole, and electronic band
structures, calculated considering spin-orbit coupling (SOC) ef-
fects in our previous work [46].
Lattice dynamics calculations were carried out by using the
finite displacement method, as implemented in the Phonopy
code [47]. We used the VASP code as a calculator to ob-
tain forces on atoms in displaced supercells generated by the
Phonopy package. We calculated the vibrational properties
including phonon dispersions and phonon density of states
(DOS), using the 2×2×2 supercells and reduced the k-point
sampling for force calculations in accordance to larger size of
the supercell. The Phonopy package provided 8 displaced su-
percell structures. For these supercells, the 30×30×30 mesh for
the q points was used in the calculation of the phonon DOS.
Non-analytic correction of phonon dispersion at Γ point was
performed using the mixed-space approach with Born effective
charges and macroscopic static dielectric constant computed by
density functional perturbation theory (DFPT) [46]. The lat-
tice thermal conductivity was calculated considering up to the
three-phonon scattering as implemented in the Phono3py pack-
age [48]. Describing the three-phonon interactions requires a
significantly larger number of displaced supercell structures in
scaling with supercell size and number of atoms. We there-
fore estimated thermal conductivity by employing the 2×2×2
supercells with a series of force calculations for 1280 displaced
supercell structures per model.
3. Results and discussion
3.1. Lattice Dynamics and Anharmonicity
Our first-principles lattice dynamics calculations were car-
ried out by applying the finite displacement method as imple-
Figure 1: Phonon dispersions and atomic resolved phonon density of states of
the optimized CsGeX3 in rhombohedral phase with R3m space group for (a)
X = I, (b) X = Br, and (c) X = Cl. The dispersions show anharmonic soft-
modes at the Q and Γ points of the Brillouin zone, as indicated by red lines.
The insets magnifiy the region around the Γ point for the soft-modes with the
imaginary frequencies of 0.025i, 0.017i, and 0.012i for X = I, X = Br and X =
Cl, repectively.
mented in the Phonopy package [47]. Figure 1 shows the cal-
culated phonon dispersions of CsGeX3 (X = I, Br, Cl) in the
rhombohedral phase with a R3m space group, along the sym-
metry line of F → Γ → Z → Q → Γ of the Brillouin
zone (BZ), and the atomic resolved phonon density of states
(DOS). Commonly, the anharmonic phonon modes, which have
imaginary phonon frequencies, were identified strongly at the
BZ boundary point Q and weakly at the zone center point
Γ, demonstrating a dynamic instability of the rhombohedral
phase. At the Q point the anharmonic soft-modes were found to
be double-degenerated with the eigenvalues (phonon frequen-
cies) of 0.298i, 0.168i and 0.377i THz while at the Γ point
non-degenerate modes with the eigenvalues of 0.025i, 0.017i
and 0.012i THz for X = I, Br and Cl, respectively. Non-
analytic correction on phonon eigenvalues was imposed, ensur-
ing the acoustic branches approaching zero and split between
longitudinal-optic modes and transverse-optic modes at the Γ
2
point. From observing the atomic-resolved phonon DOS, the
anharmonic soft modes are attributed to vibrations of all the
constituent atoms.
In order to clearly understand the lattice-dynamics related
with the soft-modes, we show the atomic displacements along
the anharmonic phonon eigenvectors in Fig. S1 (see the Sup-
plemental Material [49]). From the symmetry analysis of the
phonon eigenvectors, these soft phonon modes were found to
be responsible for symmetry breaking displacive instabilities,
being conventional phenomena in both oxide and halide per-
ovskites. It was revealed that at the Γ point the non-degenerate
soft mode causes collective displacements of all the constituent
atoms on (111) plane, with a larger magnitude of Cs displace-
ment while almost the same magnitudes of X and Ge displace-
ments, resulting in a compression of the Cs−X and Cs−Ge
bonds. Moreover, the corresponding potential energy surface
(PES) shows a well-known double-well shape, as can be seen
in Fig. 2. The energy was estimated as a function of normal-
ized distortion Q with energy minima at |Q| = 1. Depths of the
double wells were determined to be 0.58, 0.32 and 0.16 meV
per unit cell for X=I, Br and Cl, respectively. These are smaller
in two or three orders of magnitude than those of Pb- or Sn-
based halide perovskites [28, 26, 27] and also much smaller
than the one of PbTe [10], indicating that the anharmonicity at
the Γ point is not so strong for CsGeX3. On the other hand, the
double-degenerated soft modes at the Q point originate com-
plicated GeX6 octahedral distortions, with much smaller mag-
nitudes of Cs and Ge displacements than X atom, leading to
an anti - phase octahedral tiltings, as also observed in the Pb-
and Sn-based perovskites [28, 26, 27]. Moreover, when relax-
ing the structure along the soft-modes at the Γ point, the com-
pounds were found to transform to the monoclinic phase with a
Cm space group, causing an elimination of soft-modes at the Q
point (see Fig. S2 for the phonon dispersion in this phase in the
Supplemental Material [49]).
Figure 2: Double-well potential as a function of normalized distortion ampli-
tude Q associating with the anharmonic phonon mode at Γ point for CsGeX3.
The inset shows a polyhedral view of unit cell, together with the atomic dis-
placements according to the anharmonic phonon eigenvector. Green- and
purple-colored balls represented Cs and X atoms, and gray-colored polyhedron
is for GeX6.
3.2. Lattice Thermal Conductivity
To get an insight into the thermal transport, we solved
the Boltzmann transport equation within the single-mode
relaxation-time approximation, as implemented in the Phono3py
code [48]. With this approach, the phonon lifetimes are com-
puted as the phonon self-energy, using the three-phonon inter-
action strengths obtained from the third-order force constants.
Then, the lattice thermal conductivity can be determined using
the formula κ = ΣqλCv,qλ|vqλ|2τqλ with the constant-volume heat
capacityCv,qλ, group velocity vqλ and relaxation time τqλ, which
are dependent on phonon momentum q and mode λ. Through
the calculation, we found thatCv increases rapidly with increas-
ing temperature from 100 to 300 K and very slowly after that,
and enhances clearly going from X = I to Br and to Cl (see Fig.
S3 in the Supplemental Material [49]). The calculated group
velocity vqλ as a logarithmic function of q and λ is shown in
Fig. 3(a), revealing that its magnitude also enhances decreasing
the ionic radius of halogen atom with the maximum velocities
of about 400, 600 and 700 m/s2 for X = I, Br and Cl, respec-
tively. Figure 3(b) presents the phonon lifetimes τqλ, which
clearly get longer upon decreasing the halide ionic radius. As
increasing temperature, meanwhile, they were found to be get
shorter (see Fig. S4 for the phonon lifetimes of CsGeCl3 at dif-
ferent temperatures in the Supplemental Material [49]). For the
phonon lifetimes, the three-phonon scattering processes within
the lower frequency range are dominative compared to the scat-
tering processes within the upper range. One common variation
tendency of τqλ, vqλ and Cv,qλ is that they all increase gradually
going from X = I to Br to Cl.
Using the computed τqλ, vqλ and Cv,qλ, we determined the
lattice thermal conductivity as a function of temperature. In the
previous work for the strongly anharmonic compounds such as
GeTe, PbSe and PbTe, it was found that considering only an-
harmonic phonon renormalization at finite temperature overes-
timates the thermal conductivity, whereas only including four-
phonon scatterings is responsible for sever reduction of the ther-
mal conductivity [10, 14, 12]. In recent work for other type of
anharmonic compound Tl3VSe4, it has been demonstrated that
considering only three-phonon scatterings without anharmonic
phonon renormalization may underestimate κ in comparison
with experiment, whereas considering both the four-phonon
scattering and finite temperature effect reproduces the experi-
mental value of κ, highlighting the importance of high order
anharmonicity in the low-κ systems such as Tl3VSe4 [50]. That
is, by taking into account both the three- and four-phonon scat-
tering processes with temperature-induced anharmonic phonon
renormalization, κ can be calculated to be in good agreement
with the experimental value. Moreover, Lee et al. [35] found
that for γ-CsSnI3, the experimental value κ of 0.38 W m
−1 K−1
was in good agreement with the values of 0.33, 0.17 and 0.20
W m−1 K−1 calculated along the (001), (010) and (100) direc-
tions without considering the anharmonic phonon renormaliza-
tion and four-phonon scatterings. Such agreement in γ-CsSnI3
is attributed to a fortunate error cancellation effect. However,
it should be noted that such error cancellation effect is cer-
tainly not universal but may depend strongly on a specific sys-
tem. In fact, γ-CsSnI3 in the previous work [35] is in the or-
3
Figure 3: (a) The calculated group velocity vg as a logarithmic function of phonon momentum q and mode λ, (b) the phonon lifetime together with phonon DOS in
background, calculated at 300 K, and (c) thermal conductivity spectra κ(ω,T ) as a function of phonon frequency ω and temperature T for CsGeX3 (X = I, Br, Cl).
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Figure 4: The calculated lattice thermal conductivity κ (solid lines) as a function
of temperature and cumulative κ (dashed lines) as a function of mean free path.
thorhombic phase, which is different from our case of CsGeX3
in the rhombohedral phase. Based on such considerations, in
this work, we considered up to three-phonon interactions while
ignoring higher-order phonon scattering processes and anhar-
monic phonon renormalization at finite temperature for the cal-
culation of thermal transport properties, and we should note that
our calculation may underestimate the thermal conductivity due
to ignoring those two effects. By doing convergence test of κ
with respect to q-point mesh, we found the 30 × 30 × 30 mesh
reliable for calculation of κ within a relative error less than 1%
(see Fig. S5 for convergence test in the Supplemental Mate-
rial [49]).
Figure 4 shows the calculated lattice thermal conductivity κ
as a function of temperature. As such, κ was found to gradu-
ally decrease when increasing temperature, and to increase go-
ing from X = I to Br to Cl at the given temperature. We de-
picted the variation tendency of the thermal conductivity spec-
tra κ(ω,T ) as a function of phonon frequency ω and tempera-
ture T in Fig. 3(c), giving an evidence of that κ decreases with
4
Table 1: The calculated effective mass m∗, elastic constant C (GPa), deforma-
tion potential D (eV), carrier mobility µ (cm2 V−1 s−1) and thermal conductivity
κ (W m−1 K−1) at 300 K in CsGeX3 (X = I, Br, Cl). For comparison, the ex-
perimental values of the conventional thermoelectrics, PbSe and PbTe [57, 51]
are also shown.
m∗ C D µ κ
CsGeI3 0.22 46.17 10.81 1677 0.10
CsGeBr3 0.27 56.62 10.14 1401 0.16
CsGeCl3 0.36 63.28 9.53 863 0.18
PbSe 0.27 71.00 25.00 1140 1.91
PbTe 0.26 91.00 22.00 1508 2.50
the increment of temperature. From the cumulative κ curves in
Fig. 4, we revealed that the maximum length of mean free path
is about 13 nm and the major heat-carrying phonon modes have
the lengths from 1 to 10 nm. At room temperature of 300 K,
the ultralow thermal conductivities were obtained as 0.10, 0.16
and 0.18 W m−1 K−1 for X = I, Br and Cl, respectively. When
compared to 1.7 and 2.5 W m−1 K−1 of GeTe [9] and PbTe [51],
these are much smaller in one order of magnitude, implying that
CsGeX3 can have a high value of ZT .
3.3. Carrier Mobility
As a final step, we estimated the carrier mobility by employ-
ing the deformation potential theory (DPT) [52, 53, 54], which
can give an important insight into the electrical conductivity.
Within DPT, the carrier mobility is computed using the formula
µ = (8pi)
1/2~4eC
3(m∗)5/2(kBT )3/2D2
, where C, D, and m∗ are the elastic con-
stant, deformation potential, and effective mass of carrier, re-
spectively. Among them, the deformation potential, which rep-
resents the coupling between electronic bands and lattice vibra-
tions especially corresponding to the acoustic phonon modes,
can be obtained by computing the shift of conduction band min-
imum (CBM) via dilating and compressing the volume of unit
cell (see Fig. S6 for the CBM change in the Supplemental Ma-
terial [49]).
In order to thoroughly investigate the electronic transport
properties, the electron-phonon interactions should be fully
considered by taking into account the coupling with not only
the acoustic but also the polar optical phonons. Recently, Ponce
et al. [55] applied the state-of-the-art schemes based on many-
body first-principles calculations to estimate the carrier mobil-
ity of MAPbI3 and CsPbI3, demonstrating that the low-energy
longitudinal-optical phonons associated with Pb-I bonds play a
critical role in suppressing mobility at room temperature. By
applying the DPT and DFT + SOC method, meanwhile, Ying
et al. [56] obtained the electron carrier mobility for CsSnI3 in
the cubic phase to be 400 cm2 V−1 s−1, being comparable with
the experimental value of 394 cm2 V−1 s−1 in the orthorhombic
phase [35]. It should be noted that as compared to the many-
body first-principles calculations, the carrier mobility might be
overestimated within DPT in this work because of ignoring the
coupling between electronic bands and lattice vibrations asso-
ciated with the optical phonon modes.
Table 1 lists the calculated values for these quantities and the
thermal conductivity at 300 K for CsGeX3, with the experimen-
tal values of PbSe and PbTe [57, 51]. At 300 K, the mobilities
were found to be 1677, 1401 and 863 cm2 V−1 s−1 for X=I,
Br and Cl, respectively. These are comparable to the values of
1140 and 1508 cm2 V−1 s−1 of PbSe and PbTe, being attributed
to the joint effects of low deformation potentials and small ef-
fective masses. The ultralow thermal conductivities and high
mobilities predicted in CsGeX3 indicate their great potential of
high performance thermoelectrics.
4. Conclusions
In conclusion, we have introduced a new class of thermo-
electrics, Ge-based halide perovskites CsGeX3 (X = I, Br, Cl),
and we have quantified their anharmonic lattice dynamics, ul-
tralow thermal conductivities and high carrier mobilities by ap-
plying first-principles methods. These inorganic halide per-
ovskites have a variety of attractive and potentially profitable
properties for photovoltaic and thermoelectric devices. Fur-
thermore, this work highlights the way of looking beyond well-
studied perovskites in the search for thermoelectrics with high
performance and low cost.
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